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Edited by Takashi GojoboriAbstract We report the identiﬁcation, gene expression and bio-
logical activity of two parathyroid hormones (PTH; PTHA and
PTHB), two PTH-related peptides (PTHrP; PTHrPA and
PTHrPB) and a PTH-like ligand (PTH-L) with hybrid charac-
teristics in puﬀer ﬁshes (Takifugu rubripes and Tetraodon ﬂuvia-
tilis). Experimental data are consistent with PTH-L and
PTHrPA having calciotropic activities equivalent, respectively,
to tetrapod PTH and PTHrP. We hypothesise on the basis of
phylogenetic and functional analysis that PTH-L could be a ﬁsh
relic of an ancestral PTH/PTHrP gene.
 2005 Federation of European Biochemical Societies. Published
by Elsevier B.V. All rights reserved.
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Phospholipase C1. Introduction
Parathyroid hormone (PTH) and PTH-related peptide
(PTHrP) share common ancestry and high amino-acid sequence
similarity in their N-terminal region [1]. Whilst PTH is pro-
duced in the parathyroid gland and acts as a hypercalcemic
endocrine hormone, counteracting calcitonin, PTHrP is ex-
pressed in a variety of tissues and acts as an autocrine and par-
acrine factor participating in many functions related to tissue
and organ development, diﬀerentiation and proliferation, regu-
lation of smooth muscle tone and regulation of transepithelial
calcium transport in mammals [1]. PTHrP overexpressed in
malignant tumors can also elevate serum calcium levels [2].
PTH and PTHrP actions are mediated through binding to a
common PTH receptor 1 [PTH1R; 3,4], whilst a second recep-
tor, PTH2R, is activated by PTH and tuberoinfundibular pep-
tide 39 [TIP39; 4].
The existence of PTH-like factors in ﬁsh has been the subject
of debate since they were ﬁrst detected by heterologous anti-
sera in the pituitary gland, plasma and other tissues of teleostsAbbreviations: PTH, parathyroid hormone; PTHrP, PTH-related
peptide; PTH receptor 1, PTH1R; Fru, Takifugu rubripes; Dre, Danio
rerio
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doi:10.1016/j.febslet.2005.12.023and elasmobranches [5–10]. However, ﬁnal conﬁrmation for
their presence in ﬁsh came from the isolation of cDNAs for
functional PTH receptors in zebraﬁsh, Danio rerio [Dre;
11,12], of a PTHrP cDNA from sea bream, Sparus auratus
[13] and its genomic sequence from the puﬀer ﬁsh, Takifugu
rubripes [Fru; 14]. More recently, two PTH-like cDNAs have
been cloned from the puﬀer ﬁsh [15] and zebraﬁsh [16,17].
Teleost ﬁsh express in addition to PTH1R and PTH2R,
which are also present mammals and other tetrapods, a third
receptor, PTH3R, encoded by a separate gene, closely related
to PTH1R. Functional studies with the transfected zebraﬁsh
receptors into mammalian cell lines showed that Dre PTH1R
and Dre PTH3R are activated by Fru PTHrP [11] and by
Dre PTH1 and PTH2 at diﬀerent potencies [17], and that
TIP39, but not Fru PTHrP, activates Dre PTH2R [18,19].
Only a hand-full of physiological studies have been carried
out with the ﬁsh PTH-like peptides and these have mainly been
with PTHrP. The Fru PTHrP(1–34) N-terminal peptide, which
diﬀers by only 2 amino-acid residues from the sea bream pep-
tide, was able to stimulate whole body calcium inﬂux and re-
duce calcium eﬄux in whole sea bream larvae [20] suggesting
PTHrP could act as a hypercalcemic factor. This, plus the fact
that circulating levels in sharks and teleost ﬁshes are one order
of magnitude higher than in healthy humans, suggested it
could also act as an endocrine factor [21–23]. Fru PTHrP(1–
34) also stimulates cAMP accumulation and osteoclast-speciﬁc
activity tartrate-resistant acid phosphatase activity [24] while it
down regulates mRNA expression of the calcium-binding bone
matrix protein osteonectin in ﬁsh scales [25]. It also stimulates
cortisol production in sea bream interrenal (the adrenal homo-
logue) cells [26]. All these activities have a parallel in mammals
[27,28]. Thus PTHrP is expressed in a wide range of tissues in
ﬁsh and in mammals which suggests that many of its paracrine/
autocrine functions must be conserved [21,29].
In order to investigate the evolution and function of PTH
molecules, we have carried out database mining of the Fru
genome sequence and identiﬁed several novel related mole-
cules. We cloned the corresponding cDNAs, examined their
evolutionary relationships and compared the biological activ-
ity of the corresponding synthetic peptides.2. Methods
2.1. Analysis of puﬀer ﬁsh genome and phylogenetics
The putative Fru PTH/PTHrP genes were identiﬁed by searching the
Fugu database (http://www.fugu.hgmp.mrc.ac.uk, October 2001 data
freeze set) with tBLASTn [30] using the previously identiﬁed sequenceblished by Elsevier B.V. All rights reserved.
292 A.V.M. Canario et al. / FEBS Letters 580 (2006) 291–299of Fru PTHrP (Accession No.: Q9I8E9) and chicken PTH (Accession
No.: P15743). The preliminary gene structure was determined for each
of the genes using the comprehensive suite of gene prediction pro-
grammes in NIX (http://www.hgmp.mrc.ac.uk/NIX). Exon boundaries
were conﬁrmed by RT-PCR of RNA extracted (Tri Reagent, Sigma–
Aldrich) from puﬀer ﬁsh hatchling fry with sets of sequence speciﬁc
primers. RNA was DNAse treated and 1 lg of total RNA was used
in a ﬁrst strand synthesis reaction performed using the Promega Re-
verse Transcription System and random primers. To verify internal in-
tron/exon structure and perform tissue distribution proﬁling, speciﬁc
primers were designed to each gene (Table 1). RNA was also extracted
from liver, pituitary, brain, kidney, ultimobranchial gland and spinal
chord of juvenile Tetraodon ﬂutivialis (obtained from a local supplier).
First stand synthesis was performed as described above and PTH/
PTHrP genes assayed for tissue distribution using the speciﬁc primers
listed in Table 1. The identity of all cDNA products was conﬁrmed by
automatic sequencing. The Fugu genes PTHrPB, PTHA, PTHB and
PTH-L have been submitted to the EMBL database with Accession
Nos. AJ639925, AJ639926, AJ639927 and AJ639928, respectively.
The cDNA sequences of Tetraodon PTHrPA, PTHrPB (two isoforms)
and PTHB received Accession Nos. AM117494, AM117495,
AM117496 and AM117497.
tBLASTx searches were carried out against the zebraﬁsh Ensembl
database (http://www.ensembl.org/Danio_rerio/) to identify zebraﬁsh
orthologues of PTHrPA, PTHrPB and PTH-L. Only a single PTHrP
gene was identiﬁed (ENSDARP00000049153 on linkage group 4) and
added to the alignments as Dre PTHR. Genbank entry AL845512 con-
tained a PTH-like gene from clone CH211-286M4 in linkage group 4
which diﬀered from the Ensembl gene at the 5 0 and 3 0 ends, but con-
tained 82 identical amino acids. After extensive investigation, it was
concluded that the variance in amino-acid sequence between these
was due to a diﬀerence in prediction programmes as they both identi-
ﬁed the same region on linkage group 4. The Ensembl predicted pro-
tein was chosen as the most likely candidate based on sequence
similarity with the puﬀer ﬁsh data. An identical cDNA sequence has
been recently published with Accession No. AY608915.
Multiple sequence alignments were carried out using Clustal X [31]
and phylogenetic analysis of both the complete coding sequence and
the mature peptide was carried out by both the Neighbor Joining
method [32] via the PHYLO_WIN interface v1.2 [33] and the Maxi-
mum Likelihood method [34] via Phylip v3.57c. Multiple alignment
parameters for PHYLO_WIN were: gap opening 15; gap extension
0.05; delay divergent sequences 40%; DNA transition weight 0.50 with
1000 bootstrap replicates. Maximum Likelihood analysis was carried
out using the DNAML programme from Phylip. This was compared
with results from Neighbor Joining analysis. The latter also used the
Phylip suite of programmes (SEQBOOT, DNADIST, NEIGHBOR
followed by CONSENSE, all using default parameters).Table 1
Primer pairs used to amplify PTH/PRHrP cDNA in Takifugu rubripes
and T. ﬂuviatilis
Primer name Primer sequence (5 0 ﬁ 3 0)
Takifugu rubripes
PTH-LF ttgtcttgacgagctgccgggg
PTH-LR gggttcaaagcggcagagc
PTHR-BF atggttctacagcactggtg
PTHR-BR tttagccacaccaacgaacg
PTH-AF gccaaatctacactggaaaacc
PTH-AR ctgtgatttgagcagttcctct
PTH-BF ccttgagtcactttgagactttg
PTH-BR aataacgtccttcagcttctc
Tetraodon ﬂuviatlis
PTHR_AF cctggctgtcttcttgctc
PTHR_AR gtttgggtctgggtcctg
PTHR_BF atggttctacagcactggtg
PTHR_BR tttagccacaccaacgaacg
PTH_BF ccttgagtcactttgagactttg
PTH_BR aataacgtccttcagcttctc
18S_F tcaagaacgaaagtcggagg
18_R ggacatctaagggcatcaca2.2. Calcium inﬂux in whole larvae
Calcium inﬂux was determined as described by Guerreiro et al. [20]
in 20-ml aerated vessels containing full-strength seawater (36&,
11 mM Ca2+). Sea bream larvae (size range 30–360 mg) were divided
into ﬁve treatment groups, one for each puﬀer ﬁsh PTH/PTHrP(1–
34) peptide (Genemed Synthesis, Inc, San Francisco, CA) at 0.1, 1
and 10 nM, and an untreated control. At least 47 larvae were used
per group and the experiment was repeated twice.2.3. cAMP and IP3 signaling in sea bream scales
Sea bream scales, in which cAMP signalling is activated by Fru
PTHrPA(1–34) [25], were used to test the activity of the puﬀer ﬁsh
PTH/PTHrP(1–34) peptides. Human PTH(1–34) and PTHrP(1–34),
bovine PTH(1–34) (Sigma–Aldrich) and Fru PTHrP(7–34), which
binds to sea bream PTHRs but does not stimulate cAMP production
[25,26], were also tested. The methodology for collection and culturing
the sea bream scales, and for measuring cAMP production has been
detailed by Redruello et al. [25]. The activation of IP3 signalling was
quantiﬁed through myo-[3H]inositol incorporation following the meth-
odology described in detail by Rotllant et al. [26].2.4. Statistical analysis
The eﬀect of N-terminal puﬀer ﬁsh PTH/PTHrP peptides on calcium
uptake was analysed by covariance analysis with body size as covariate
using the General Linear Model module in the Systat software (version
10.2, Systat Software Inc., Richmond, CA, USA). Contrasts were used
to test the diﬀerence among treatment and control cell means. Least-
square means and their standard errors adjusted for weights were used
to plot the eﬀect of treatments. The eﬀect of peptides on intracellular
cAMP production and myo-[3H]inositol incorporation was analysed
by one-way ANOVA followed by the Student–Newman–Keuls test
in Systat. The signiﬁcance level was P < 0.05.3. Results
3.1. Isolation and structure of PTH molecules
The previously identiﬁed puﬀer ﬁsh PTHrP gene (Accession
No.: AJ249391), designated PTHrPA, was mapped to Fugu
Consortium Scaﬀold S000294. The putative PTH/PTHrP genes
were mapped to Scaﬀolds S006799, S000122, S004687 and
S003414. A combination of identiﬁcation of sequence motifs
and structures (Figs. 1 and 2), plus phylogenetic analysis indi-
cated that in puﬀer ﬁsh both the PTHrP and PTH genes were
duplicated. Both methods used to determine phylogeny,
Neighbor Joining and maximum parsimony, produced the
same tree topology (Fig. 3). The gene identiﬁed on Scaﬀold
S006799 was designated PTHrPB; those genes on Scaﬀolds
S003414 and S000112 were designated PTHA and PTHB,
respectively, and were previously identiﬁed in zebraﬁsh as
PTH1 and PTH2 by Gensure et al. [17]. PTHA also corre-
sponds to the gene identiﬁed by Danks et al. [15]. The gene
identiﬁed on Scaﬀold S004687 was more problematic to deﬁne;
structurally, particularly with regard to size, it resembled PTH,
however it contained the MHD motif characteristic of the
Fugu PTHrP genes (puﬀer ﬁsh PTH genes have the MHN mo-
tif while tetrapods have the LHD motif) and when subjected to
phylogenetic analysis lies roughly midpoint between the puﬀer
ﬁsh PTHrP and PTH genes (Fig. 3). On balance, the gene was
designated PTH-L or PTH-like. It was possible to conﬁrm all
internal gene structures using RT-PCR on Fru hatchling RNA
(Fig. 4). However, the expression levels were in some cases very
low and ampliﬁcation problematic (the genes are relatively
small and therefore regions where primers can be successfully
designed are limited, requiring often several rounds of primer
design before successful ampliﬁcation in the absence of primer
Fig. 1. Multisequence alignment of PTH genes. Single line denotes pre-propeptide sequence, the arrow above the line (i.e. before the KR motif)
indicates position of exon boundary in all the sequences apart from the Fru_PTH-L gene, which is indicated by an arrow below the consensus line
and occurs before the SRR amino acids). Boxes indicate conserved amino acids between PTH and PTHrP proteins. A double line indicates physico-
chemical conservation. Accession numbers: Mmu, Q9Z0L6; Rno, P04089; Fsi, Q9GL67; Cfa, P52212; Bta, P10268; Ssc, P01269; Mfa, Q9XT35; Has,
P01270; Gga, P15743; Dre, AAQ16566, AAQ16567. Organism abbreviations: Mmu: mouse, Rno: rat; Fsi: cat, Cfa: dog; Bta: cattle; Ssc: pig; Mfa:
crab eating macaque; Hsa: human; Gga: chicken; Dre, zebraﬁsh.
Fig. 2. Multisequence alignment of PTHrP genes. Single line denotes pre-propeptide sequence, solid arrow indicates position of exon boundary.
Boxes indicate conserved amino acids between PTH and PTHrP proteins. Accession numbers: Has, P12272; Ocu, Q9GLC7; Bta, P58073; Cfa,
P52211; Mmu, P22858, Rno: P13085, Gga, P17251; Sau, Q9I8U2; Fru_PTHRPA: Q9I8E9. Legends and organism abbreviations are as in Fig. 1
except Ocu, rabbit and Sau, sea bream.
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Fig. 4. Top gel: RT-PCR of PTH/PTHrP mRNA from Fru hatchling
fry. The inset shows result of reampliﬁcation of PCR products in main
gel. A = PTHB, B = PTH-L, C = PTHA, D = PTHrPB. Bottom gel:
RT-PCR of PTH/PTHrP mRNA from Tetraodon ﬂuviatilis liver,
pituitary (pit), brain (br), kidney (kid), ultimobranchial gland (ub) and
spinal chord (spc). 18S rRNA amplicons are shown to allow estimation
of relative abundance. Note the larger transcript for PTHRB in
pituitary. Numbers indicate the estimated size of PCR products.
Fig. 3. Maximum parsimony tree with 100 bootstrap replicates.
Relevant bootstrap values are shown. For organism abbreviations
and accession numbers, see Figs. 1 and 2.
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the 5 0 and 3 0 UTRs could not be determined for each gene.
Since suitable tissues from Fugu to analyse gene expression
were not available, we have used a range of tissues from T. ﬂu-
viatilis to amplify PTHrPA, PTHrPB and PTHB. It was not
possible to amplify PTHA and PTH-L in any of the tissues
tested. PTHrPA, PTHrPB and PTHB showed widespread
but diﬀerent expression proﬁles (Fig. 4). In addition, PTHrPB
produced two transcripts of diﬀerent sizes. The longer tran-
script was expressed in the pituitary (Fig. 4) and containedan insert of six amino acids (Ala-Val-Arg-Thr-Thr-Gly) in
the mid (nuclear transporter) region (data not shown).
The Fru PTHrPA and Fru PTHrPB predicted mature pep-
tides share 63% similarity (identities plus conservative substitu-
tions) between themselves, 67% with Dre PTHrP and 58% or
less with PTHrP from the tetrapods. However, there are re-
gions of high conservation across all the vertebrates. This in-
cludes 22 of the ﬁrst 34 amino acids and 65% of amino acids
of the arginine-rich RNA-binding region 87–106 of mamma-
lian PTHrP [35] (Fig. 2). Similarly, 7 of the 15 amino acids
of the 70–84 region with nuclear transporter function in mam-
mals [36] are also conserved. An 11 amino acid insertion at po-
sition 38 in Fru PTHrPA correspond to 3 amino acids in Fru
PTHrPB. When compared to tetrapods, the C-terminal region
of Fru PTHrPA is almost absent but, although smaller, it is
developed in Fru PTHrPB.
The Fru PTHA and Fru PTHB predicted mature peptides
share 45% similarity between themselves but only 36% and
30%, respectively, with Fru PTH-L. Similarity between Fru
PTHA and Fru PTHB and the corresponding zebraﬁsh Dre
PTH1 and Dre PTH2 is 36%. The latter two only share 30%
and 26% similarity, respectively, with Fru PTH-L. Similarities
of the ﬁsh predicted mature PTH peptides with those of other
vertebrates range from 36% to 42%, and are highest for Fru
PTH-L, which is the longest of the puﬀer ﬁsh PTHs and is clo-
ser in length to tetrapod PTHs (Fig. 1). Separate phylogenetic
analysis (not shown) of either PTH or PTHrPs, including Fru
PTH-L in each case, always results in the latter grouping more
closely with the tetrapod clade than the other ﬁsh PTH pep-
tides. Comparison of all available PTH amino acid sequences,
reveals that only 10 of the ﬁrst 34 amino acids of the predicted
mature protein (positions 2, 6, 8–10, 20, 23, 24, 28 and 31) are
either identical or underwent conserved substitutions (Fig. 1).
The same amino acid conservation is shared with all the
PTHrPs (Fig. 2). In addition, conservation of physico-chemi-
cal properties (size, polarity and charge) occurs for amino
acids at positions 1–10, 20, 23–25, 28, 31 and 34 in all predicted
PTH and PTHrP mature peptides.
3.2. Bioactivity of puﬀer ﬁsh PTH/PTHrP peptides
Only Fru PTHrPA(1–34) and Fru PTH-L(1–34) induced a
statistically signiﬁcant stimulation of Ca2+ inﬂux in sea bream
larvae exposed to water-borne puﬀer ﬁsh PTH/PTHrP(1–34)
peptides. Fru PTH-L(1–34) was most potent, and was active
at both 1 and 10 nM, while Fru PTHrPA(1–34) was only active
at 10 nM (Fig. 5). They were also the only puﬀer ﬁsh peptides
to stimulate cAMP accumulation in the in vitro scale assay
(Fig. 6). In the same assay hPTH and bPTH, caused a signif-
icant accumulation above control values, but the eﬀect was
50% less than that caused by the bioactive puﬀer ﬁsh peptides.
Human PTHrP did not stimulate cAMP accumulation. All
peptides tested, apart from Fru PTHA, Fru PTHrPB and
bPTH, induced a statistically signiﬁcant increase in myo-
[3H]inositol incorporation (Fig. 7).4. Discussion
We have reported the isolation in puﬀer ﬁsh of two PTH and
two PTHrP ligands, together with a PTH-like ligand of mixed
characteristics, each encoded by a diﬀerent gene, of which Fru
PTH-L and Fru PTHrPB are novel. The overall similarity of
Fig. 5. Eﬀect of puﬀer ﬁsh PTH/PTHrP(1-34) peptides on whole body calcium inﬂux of sea bream larvae. Error bars indicate standard error of the
mean and asterisks level of signiﬁcance (*P < 0.05) compared to unstimulated control.
Fig. 6. Eﬀect of puﬀer ﬁsh (Fru), human (h) and bovine (b) PTH/PTHrP(1-34) peptides on cAMP accumulation by sea bream scales. Error bars
indicate standard error of the mean and asterisks level of signiﬁcance (*P < 0.05; **P < 0.01) compared to unstimulated control.
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with mammalian peptides is low to moderate but generally
higher for PTHrP. This is because, while both peptides share
conservation at the N-terminal region, in PTHrP there are also
several conserved motifs throughout the molecule. It has beenproposed that both PTH(1–34) and PTHrP(1–34) bind to the
PTH1R receptor through a binding pocket in the PTH1R
which makes hydrophobic interactions with residues 23, 24,
28 and 31, and hydrophilic interactions with residue 20 of
the ligand [37]. It is of special interest that the amino acids
Fig. 7. Eﬀect of puﬀer ﬁsh (Fru), human (h) and bovine (b) PTH/PTHrP(1-34) peptides on myo-[3H]inositol incorporation in sea bream scales. Error
bars indicate standard error of the mean and asterisks level of signiﬁcance (*P < 0.05; **P < 0.01) compared to unstimulated control.
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largely to those conserved among all vertebrate PTHs and
PTHrPs. Furthermore, the ﬁrst 10 amino-acids, which share
physico-chemical conservation across the two ligands, corre-
spond to those that are essential for receptor activation of
cAMP signalling [39,40]. This degree of structural conserva-
tion among peptides and organisms suggest that both mecha-
nism of action and functions may be predicted to be conserved.
Ca2+ inﬂux in whole sea bream larvae was stimulated by
10 nM Fru PTHrPA(1–34) [conﬁrming previous results; 20]
and also by 1 nM and 10 nM Fru PTH-L(1–34), but not by
any of the other puﬀer ﬁsh peptides. Fru PTH-L, which ap-
pears to be more potent than Fru PTHrPA, is more closely re-
lated phylogenetically and in size to tetrapod PTH (Figs. 1 and
3). This is consistent with the possibility that Fru PTH-L could
act as the PTH equivalent in ﬁsh. However, it also raises the
question of whether the observed eﬀect of PTHrPA in sea
bream larvae was pharmacological. We have used 125I-
PTHrPA(1–34) to estimate the incorporation of 10 nM peptide
into the larvae from the bathing water and calculated that after
4 h expected plasmatic concentrations were around 30 pM [20].
This value is two orders of magnitude higher than for circulat-
ing PTHrP in mammals [41,42], but it is lower than the 170 pM
of endogenous PTHrPA measured in juvenile sea bream by
homologous RIA [21]. Nevertheless, there is evidence for a
PTHrPA binding component in ﬁsh blood (juveniles and
adults) [21], which could indicate lower free concentrations.
PTHrPA cross-reactivity is also found in many tissues, espe-
cially the pituitary, supporting the suggestion that PTHrPA
also has paracrine/autocrine functions in ﬁsh [29]. To clarify
this issue, quantiﬁcation of the newly identiﬁed peptides in bio-
logical ﬂuids and physiological studies is required.
PTH receptors signal via adenylate cyclase–protein kinase A
and/or the phospholipase C-protein kinase C-intracellular
Ca2+. We have selected the sea bream scales to test the signal-ling activity of the peptides following studies which have dem-
onstrated that PTHrPA stimulates cAMP accumulation and
osteoclast-speciﬁc activity tartrate-resistant acid phosphatase
activity [24] while downregulating osteonectin [25], a osteo-
blast marker, in sea bream scales. As expected, in the current
study Fru PTHrPA(1–34) was able to activate cAMP signal-
ling in sea bream scales. But in common with results of the
in vivo Ca2+ inﬂux study, of the other peptides only Fru
PTH-L(1–34) was also active. PTHA has previously been re-
ported to be less eﬀective than Fru PTHrPA(1–34), hPTH(1–
34) and hPTHrP(1–34) in activating cAMP signalling in
UMR106.01 cells [15] and transfection studies with PTH
receptors in COS-7 cells, have shown that Dre PTH1 was more
potent in inducing cAMP accumulation than Dre PTH2
through Dre PTH1R or Dre PTH3R [17]. The reasons for li-
gand selectivity are not immediately apparent. While Ser1 in
Fru PTHrPA was found to be essential for cAMP signalling
and cortisol stimulation in sea bream scales [24] and interrenal
tissue [26], the residue is also present in Fru PTHrPB (Fig. 2),
which is inactive in the scale assay, and is absent from bPTH,
which shows some activity. However, a Ser1 is only present in
Dre PTH2 which was less eﬀective than Dre PTH1. Indeed,
within the ﬁrst 10 N-terminal amino acids, only at position 5
is there no overlap between active and non-active puﬀer ﬁsh
peptides, Ala5 and His5, respectively, in Fru PTHrPA and
Fru PTH-L, and Val5 and Thr5 in Fru PTHA and Fru PTHB.
However, both bPTH and hPTH have Ile5 and diﬀer in activ-
ity. It is therefore likely that cooperative actions rather than
individual amino acids are likely to be more important to ex-
plain biological activity, as demonstrated in minimization
experiments [39].
All but Fru PTHA, Fru PTHrPB and bPTH, stimulated
myo-[3H]inositol incorporation in sea bream scales. The precise
regions of PTHrP(1–34) involved in the stimulation of PLC
and PKC have not yet been clearly identiﬁed, but previous
A.V.M. Canario et al. / FEBS Letters 580 (2006) 291–299 297studies indicated that residues in diﬀerent regions of PTH-
(1–34), including the C-terminal region are involved [38,43].
The fact that Fru PTHrPA(7–34) stimulated myo-[3H] uptake
concur with those observations. There is also the possibility
for PKC activation to occur via a phospholipase other than
phospholipase C in diﬀerent cell types depending on the region
of the ligand that is recognised by the PTH receptor [44].
Experiments in zebra ﬁsh indicated that PTH1R, and not
PTH3R, is the likely mediator of protein kinase C-Ca2+ activa-
tion [11]. Altogether, the diﬀerential activation by the diﬀerent
peptides suggest that not all PTH receptors are expressed in
sea bream scales and that tissue speciﬁc receptor expression
and activation through one or more PTH ligands may be asso-
ciated with a variety of functions. Indeed, only PTH1R, and
not PTH3R, is expressed in sea bream scales and it is likely
that PTH1R mediates the action of PTHrPA [24]. However,
it is not as yet known whether PTH2R is expressed in ﬁsh
scales and whether it has selectivity for any of the peptides,
in particular PTH-L, although this receptor in zebraﬁsh ap-
pears to show little selectivity for PTH and high for TIP39 [18].
The limited expression data for PTH and PTHrP genes and
proteins, show diﬀerential tissue patterns for diﬀerent genes.
In situ hybridization observations for PTHrPA, which have
been largely conﬁrmed by immunohistochemistry, demon-
strated wide expression in juvenile and adult and with a sim-
ilar pattern puﬀer ﬁsh and sea bream [29]. Strong to
moderate expression could be detected in slow red muscle
(but not white muscle), choroid of the mid brain, cells of
the nucleus recessus posterioris in the hypothalamus, leuco-
cytes and in various epithelia: epidermis, hindgut, gill (mainly
chloride cells), pituitary (pars intermedia), coronet cells of the
saccus vasculosus, swim bladder, gall bladder, spleen and in
some renal tubules [13,14,29]. In early post-hatch sea bream
larvae, PTHrPA expressed more abundantly in chloride cells
of the skin, pancreas, and neurones of the mid-brain and
spinal cord, but was also clearly expressed in cells of the
gut epithelium, notochord, and the outer and inner cell layers
and ganglion layer of the eyes. After 30 days post-hatch,
expression gradually became more restricted to the epidermis,
central nervous system neurones and red muscle cells [29].
Dre PTH1 gene expressed at 24 hpf along the lateral line
and from 48 hpf and until 4 dph in cells, possibly oligoden-
drocytes, dorsal to the notochord in the ventral neural tube
[45]. Dre PTH1 protein expressed in neuromast cells and in
cells of the calcifying jaw [45]. Dre PTH2 gene followed an
expression pattern similar to Dre PTH1 but did not express
in central nervous tissue [45]. However, the RT-PCR results
in Tetraodon shows widespread tissue expression of the
PTHB ortholog of Dre PTH1, including the brain and spinal
chord, indicating large developmental-related changes in gene
expression. The identiﬁcation of two transcripts for PTHrPB
suggests further functional specialization of PTH genes and
indicates the presence of an intra-exonic alternative slicing
variant. This is reminiscent of what has been previously re-
ported in the human in which 3 principal peptides (136,
141 and 173 amino acids) arise from alternative splicing of
the PTHrP gene [23]. Systematic expression studies for the
PTH peptides and receptors at diﬀerent developmental stages,
tissues and physiological conditions are required for an in-
sight into their potential roles.
The phylogenetic analysis clearly separates the PTH and
PTHrP peptides into two clades separated by Fru PTH-L,which is placed in an intermediate position. However, when
each of the two clades is analysed separately with Fru PTH-
L, Fru PTH-L is always more closely related to the tetrapod
peptides in each case. The PTHrP-like N-terminal region with
the MHD motif characteristic of the puﬀer ﬁsh PTHrP genes
and the short and more PTH-like C-terminal region may indi-
cate that Fru PTH-L is closer to the ancestral peptide that
originated the two clades. And while PTHrPB and PTH-L
orthologues have not as yet been found in zebraﬁsh this is
probably due to the currently incomplete stage of genome
sequencing and assembly. It has recently been suggested that
the origin of the parathyroid gland is the gills which express
an orthologue of Gcm-2, a gene essential for parathyroid gland
formation in tetrapods and required for gill formation in zeb-
raﬁsh [16,46]. However, and although Dre PTH2 is expressed
in adult gills, neither Dre PTH1 or Dre PTH2 expression
has been detected in any cells likely to correspond to a pharyn-
geal-derived parathyroid gland equivalent or in the thymus,
during zebraﬁsh development [45]. It appears that if PTH-L
has a PTH equivalent endocrine function in ﬁsh determination
of its localization may help to clarify the origin of the PTH
gland in vertebrates.
In summary, in addition to duplicated PTHrP and PTH
genes, the presence of which is in agreement with the
predicted teleost speciﬁc whole genome duplication [47,48], tel-
eost ﬁsh also express a PTH-L gene, encoding a ligand with
PTH and PTHrP characteristics. This could be a remnant of
an ancestral gene at the root of the PTH/PTHrP divergence
which was lost during tetrapod evolution. The calciotropic
activity shared between PTH and PTHrP in tetrapods appears
to have its equivalent in PTH-L and PTHrPA. This is likely to
have been the ancestral function of a PTH ligand, but in ﬁsh
some of the PTH ligands may have lost this capacity and ac-
quired or shared new functions, as predicted by the classical
model of genome evolution [49]. The question remains as to
when have PTH genes evolved, if they are a chordate, or ver-
tebrate feature, or whether they have evolved earlier, as sug-
gested by immunochemical studies in invertebrates [50].
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